This work investigated the performance of locally available brewer's spent grain (BSG) as an adsorbent for the removal of Fe (III) from aqueous solution. The brewer's spent grain (BSG) was collected, processed and characterized using scanning electron microscope (SEM) and X-ray fluorescence (XRF) to assess its potential for the removal of Fe (III). Thereafter, batch adsorption technique was employed to evaluate the effects of adsorption variables such as pH, initial metal ion concentration, adsorbent dosage and contact time on the sorption efficiency of BSG. The maximum adsorption time was fixed at 120minutes with a stirring speed of 100rpm. Experimental data obtained were then analyzed using selected isotherms and kinetic models such as Langmuir isotherm, Freundlich isotherm, Pseudo-First order and Pseudo-Second order kinetic models. SEM result revealed the presence of microporous structure within the surface of BSG thus making it a good candidate for metal ion removal. Based on the linear coefficient of determination (r 2 ), it was observed that the experimental data fitted well with the Langmuir isotherm model (r 2 = 0.9940 for raw BSG and 0.9946 for the treated BSG). In addition, the reaction mechanism that accompanies the adsorption of Fe (III) unto BSG was best described by the pseudo-second order kinetic model (r 2 = 0.9823 for raw BSG and 0.981 for the treated BSG). Finally, maximum adsorption efficiencies of 66% and 77% were obtained for both the raw and treated BSG for optimum adsorption time of 120 minutes, pH 8.0 and adsorbent dose of 1.0g/50ml solution.
INTRODUCTION
The quality of our environment is deteriorating with the largest cities reaching saturation points and unable to cope with increasing pressure on their infrastructure. Water pollution due to toxic heavy metals from natural and anthropogenic sources has been a major cause of concern for environmental engineers. Most of these heavy metals discharged into water bodies are deleterious to human health and the environment [1] . The release of large quantities of hazardous materials into the natural environment has resulted in a number of environmental problems owing to their non-biodegradability and persistence of these metals in the ecosystem. Furthermore, these heavy metals accumulate and enter the human systems through the food chain and thus pose a significant danger to human health [2, 3] . Toxic heavy metals normally enter into the water bodies through uncontrolled disposal of waste water, metal plating, mining activities, smelting, battery manufacture, tanneries, petroleum refining, paint manufacture, pesticides, pigment manufacture, printing and photographic industries, etc. Several episodes due to heavy metal contamination in aquatic environment increased the awareness about the heavy metal toxicity. These include the Minamata tragedies due to mercury poisoning and "Itai-Itai" diseases in Japan due to cadmium toxicity, which are well known [4] . Numerous treatments and abatement techniques have been employed to remediate heavy metals in wastewater. They include precipitation, electrofloatation, ion exchange, reverse osmosis, solvent extraction, electro dialysis, membrane separation and adsorption. Some of these methods have been found to be limited due to high capital and operational costs. High operational costs may be associated with the generation of secondary waste, which presents additional treatment problems, such as the large quantity of sludge generated by precipitation processes. Ion exchange, reverse osmosis and adsorption are more attractive processes because the metals' values can be recovered along with their removal from the effluents [5] . However reverse osmosis and ion exchange may not be economically feasible in certain scenarios due to their relatively high investment and operational cost. Adsorption in comparison with other methods is attractive in terms of its efficiency and ease with which it can be applied especially in the removal of heavy metals from wastewater [5] . Adsorption is one of the easiest, safest and most costeffective methods for the removal of these metals from industrial effluents. It is suitable even when the metal ions are present in concentration as low as 1mg/l. The major advantage of an adsorption system for water pollution control is less investment in terms of both initial cost and operational cost, simple design, easy operation and no effect of toxic substances compared to conventional biological treatment processes [6] . Activated carbon is a highly effective adsorbent for the removal of heavy metal-ion from the concentrated and dilute metal bearing effluents but the process is not popularly used by small and medium scale industries for the treatment of their metal bearing effluents, because of its high manufacturing cost. For this reason, the use of low cost materials as adsorbent for metal ion removal from wastewater has been highlighted.
However, efforts towards the development of new adsorbent and improving the existing ones are receiving attention. Plant wastes, agricultural and industrial by-products have been utilized as cheap and unconventional adsorbents for heavy metals removal from aqueous solutions [6, 7] . Spent grains, are primarily mixture of grain and grain husks, with the majority of its sugars extracted. They are composed of cellulose, hemicellulose and lignin and are the by-products of mashing process in brewery. The amount of spent grain generated could be about 85% of the total by-products [9] . Spent grain has many applications because of its high protein and fibre content. Spent grain applications range from production of bio-plastics and bio-fuel, to agricultural uses as animal feed and compost material, to reuse as food for people [8] . One of the promising by-products that have drawn the attention of researchers is brewer's spent grain (BSG) [9] . It has been found to be a potentially valuable resource for industrial exploitation due to its high availability and low cost. The variation in percentage composition of the components was attributable to the variety of the grains used; harvest time, malting and mashing conditions and the quality and type of adjuncts used during the process. BSG has a significant potential as an adsorbent for application in the remediation of metal contaminated wastewater streams [6, 9] . In a study investigating the use of BSG for the removal of Cu (II) ions from aqueous solutions, a maximum adsorption capacity of 10.47 mg/g dry weight at pH 4.2 was achieved [9] . The aim of this study was to investigate the performance of BSG for the removal of Fe (III) from aqueous solutions in batch systems while studying the influence of certain parameters: pH, initial metal ion concentration, contact time and adsorbent dose on the metal removal process. Furthermore the experimental data were analyzed using adsorption isotherms and kinetic models.
2. MATERIALS AND METHODS 2.1. Equipment/Materials/Chemicals Equipment, materials and chemicals used for this research work are presented as shown in Tables 1, 2  and 3 respectively. 2.2. Collection/Preparation of Adsorbent Form BSG Brewers' spent grain (BSG) was obtained from Intafact Breweries Limited, Onitsha, Anambra State, Nigeria. The adsorbent was air dried, pulverized and sieved using 180-micrometer mesh size sieve. The sieved sample was thoroughly washed with distilled water to remove brewers' residues and oven dried at 100 O C for 1 hour. The adsorbent was soaked in 500mL of 0.3M HNO3 solution to remove any soluble biomolecules that might interact with the metal ions during the adsorption process and to open up the microspores of the adsorbent in readiness for the adsorption process. This adsorbent was termed 'raw BSG'. A portion of the raw BSG was treated with 0.5M NaOH solution for 4 hours at room temperature [10] and then washed with distilled water to remove excess NaOH until constant supernatant pH was reached. Thereafter, it was oven dried at 70 O C for 2 hours. The BSG treated with NaOH was termed 'treated BSG'.
Characterization of Raw BSG

2.3.1: Physical Characterization
To assess the physical properties of the raw BSG, the following tests were conducted:
Analysis of microstructure: The microstructures, composition and morphology of the brewer's spent grain were analyzed using scanning electron microscopy (APEX 3020 PSEM 2) to give adequate information about its morphology and topological presentations.
Moisture content determination: Thermal drying method was used in the determination of moisture content of the BSG. 1.0g of the dried sample was weighed and placed in washed dried and weighed crucible. The crucible was then placed in an oven and dried at 105 o C to constant weight for 1 hour. The percentage moisture content (%MC) was computed as follows [28] . content ( ) oss in weight on drying Initiaal weight on drying ( ) Surface area, microspore volume and total pore volume Estimation: The surface area, microspore volume and total pore volume of BSG were estimated using the iodine and methylene blue number. The iodine and methylene blue numbers were determined using standard methods as described by ASTM D4607-94 [21, 29] . Data obtained were then analyzed using standard software (SCACstructural characterization of Activated carbon) to compute the surface area, microspore and total pore volume respectively [24] .
Apparent density determination: Mass per unit volume relationship was employed to determine the apparent density of the adsorbent.
Chemical Characterization
To evaluate the chemical properties of the BSG, the following tests were conducted Surface pH determination: Suspension (10% w/v) of the adsorbent was prepared and allowed to stand for 0.5 hours under constant stirring speed of 100rpm using a magnetic stirrer. The electrode of the pH meter was then dipped into the solution after stirring in other to determine its pH value [27] .
Analysis of the chemical composition: The chemical composition of the adsorbents was studied using XRay Fluorescence (XRF) APEX 3022. Chemical digestion of the solid adsorbent was done as follows:
(1:1) mixture of 0.025M solution of hydrochloric acid and Nitric acid was prepared. A mixture of (1:10) of the solid adsorbent to acid solution was obtained and stirred for 30 minutes. The solution was filtered and the filtrate was used for the analysis. For the determination of the ash content, methylene blue number and iodine number, standard experimental methods as described by Salwa et al. and ASTM D4607-94 were employed [21, 29] .
Preparation of Aqueous Solutions
The metal stock solution was prepared by dissolving iron (III) chloride (FeCl3. 6H2O) of analytical grade in distilled water. The stock solution was diluted with distilled water to give concentrations ranging from 5 to 30mg/l. The efficiency of metal ion removal (%) was calculated using [13] .
Removal Efficiency ( ) ( ) ( ) In (3), C0 and Ce are the initial and equilibrium metal ion concentrations [mg/l] respectively.
Adsorption Isotherm Studies
The adsorption equilibrium data obtained were analyzed using the Langmuir and Freundlich adsorption isotherm model. The Langmuir isotherm can be expressed as given in [14, 15] . The essential characteristics of the Langmuir isotherm is described by a separation factor or equilibrium constant RL, which is defined by [16] :
In (6), C0 is the initial concentration of heavy metal ions (mg/l) and b is the Langmuir constant related to the energy of adsorption. The separation factor RL indicates the isotherm shape and the favourability of the adsorption process depending on where it lies between 0 and 1. The Freundlich isotherm is given by [14, 15] : q K ( ) The linear form of the Freundlich isotherm is given by: ln q ln K n ln ( ) In (8), q: is the amount of metal adsorbed per unit mass of adsorbent (mg/g); KF is the Freundlich isotherm constant (mg/g); Ce is the equilibrium concentration (mg/l); n is the adsorption intensity. The values of K and n were calculated from the intercept and slope of the linear plot of ln q against ln Ce.
Adsorption Kinetic Studies
The pseudo first and pseudo second order kinetic models were used to analyze the kinetics of Fe (III) adsorption onto BSG. The pseudo first order rate equation is based on the assumption of reversibility of adsorbate-adsorbent interaction [17] . The integrated form of the model is expressed by:
The linear form of this equation after integration is given by:
Here, qe and qt are the amount of metal ions adsorbed at equilibrium and time (t) respectively (mg/g); t is the time (min); K1 is the pseudo first order adsorption rate constant. The adsorption parameters are determined from the linear plot of Log (qe-qt) against t. The Pseudo second order kinetic rate model is expressed using:
The linear form of the model is written as:
Here, qe and qt are the amount of metal ions adsorbed at equilibrium and time (t) respectively (mg/g); t is the time (min); K2 is the pseudo second order adsorption rate constant. The adsorption parameters are determined from the linear plot of t/qt against t [18] .
3 RESULTS AND DISCUSSIONS . . haracterization of Brewers' Spent Grain (BSG) From the results of characterization studies as presented in Table 1 , it was observed that the pH of BSG was 7.7, which indicates an alkaline condition. The moisture content was 2.1% revealing that the material was used in its dry state. When the methylene blue value and iodine number of BSG were used as input parameters for the structural characterization software, a surface area of 234m 2 /g was obtained. In addition, the micropore and total pore volume were given as 0.05±0.00 cm 3 /g and 0.15±0.02 m 3 /g. The micropore volume and total pore volume are in line with the work of ElOuahabi et al. [25] in which the pore volume and total pore volume of some selected clay materials were recorded as 0.05 cm 3 /g and 0.015 cm 3 /g respectively. Surface area of 234m 2 /g as compared with the works of ElOuahabi et al. [25] shows that BSG is a good candidate for Fe (III) ion removal. From the results of Table 2 , it was observed that the mass of Iron (III) oxide (Fe2O3) present in BSG is low (1.243g/kg). The implications of this, is that BSG possesses higher adsorptive properties since a previous study has shown that the presence of iron impurities in adsorbent materials such as clay have effects on their ability to adsorb divalent metal ions [23] . The surface morphology of BSG was examined via SEM which revealed its macroporous structure as shown in Figure 1 . The highly macroporous structure as observed in Figure 1 , indicates a higher surface area. This claim is based on the fact that as biosorbent materials present larger numbers of microporous structure, it adsorb higher amount of nitrogen, which resulted to a higher BET surface area [22] . 
Optimum pH Determination
The effect of pH on the metal removal efficiency is illustrated in Figure 2 . It can be observed that at pH 8, maximum metal removal efficiencies of 69 and 84% were achieved for raw and treated BSG respectively for an initial metal ion concentration of 5mg/l, adsorption contact time of 120minutes and agitation speed of 100rpm. At lower pH values, the percentage of metal ions taken up was less, as the adsorbent was more closely associated with hydroxonium (H3O -) ions by repulsive forces to the surface functional groups. These prevent the metal ions from approaching the binding sites on the adsorbent, thus resulting in decreased metal adsorption [10] . However at pH above 8.0 there was a decrease in the removal efficiency. This may be due to the formation of hydroxyl complexes resulting in precipitation, thus decreasing metal uptake [19] . Figure 3 shows the effect of adsorbent dosage on sorption efficiency. Metal adsorption increased with increase in adsorbent dose. The sorption efficiency increased from 10 to 67% for raw BSG and 14 to 77% for treated BSG as the dosage increased from 0.2 to 1.0g for an initial metal ion concentration of 5mg/l, adsorption contact time of 120minutes and agitation speed of 100rpm. This can be attributed to the increased available surface area and functional groups for metal ions interaction and uptake. The increase in metal ion adsorption with increasing dose of adsorbent as observed in Figure 3 may be due to the increase in availability of surface active sites resulting from the increased dose of the adsorbents [20] . This result is in-line with the works of Garg et al. [26] . Figure 4 shows the effect of contact time on the adsorption of Fe (III) ion onto BSG with an initial metal ion concentration of 5mg/l, adsorbent dose of 1.0g and agitation speed of 100rpm. Contact time is an important factor which influences metal uptake. There was an increased rate of uptake observed at the early stage of adsorption process, which can be attributed to the availability of abundant active sites within the adsorbent surface, which gradually become occupied by the adsorbate with time. 
Effects of Adsorbent Dosage
Effect of Contact Time
Effect of Initial Metal Concentration
The effect of initial metal ion concentration on the percent removal efficiency of Fe(III) ion uptake onto raw and treated BSG is shown in Figure 5 . The percent removal efficiency decreased steadily with increase in initial metal concentration. Fe (III) percent removal decreased from 69% at 5 mg/l to 49% at 30mg/l for raw BSG and 72% at 5mg/l to 48% at 30mg/l for treated BSG. This is due to the availability of abundant higher energy sites at lower metal concentrations and the subsequent increased involvement of less energetic sorption sites as the metal concentration increased [12] . [15] . The values of RL obtained were found to lie between 0 and 1 for the raw and treated BSG indicating that adsorption of Fe (III) onto BSG was favorable. Since RL value is higher than zero but less than 1 as observed in Table 3 , it was concluded that the adsorption of Fe (III) ion onto raw and treated BSG was favourable. The high values of (r 2 ) obtained also indicates the fitness of the adsorption data to the selected isotherm model.
Kinetic Studies
The adsorption kinetics is very important as it is a measure of the rate of reaction and describes the principal mechanisms involved in adsorption [17] . The experimental data were analyzed using the pseudo first and second order kinetic models as illustrated in Figures 8 and 9 respectively. The adsorption of Fe(III) onto raw and treated BSG was best described by the pseudo second order kinetic model based on the higher coefficient of determination (r 2 equals 0.9823 and 0.961 for raw and treated BSG respectively) as observed in Figure 9 .
The pseudo second order model is based on the assumption that chemisorption may be the rate limiting step and suggests that chemical reactions occur between the metal ions and the adsorbent resulting in the formation of strong covalent bonds [17, 18] .
CONCLUSION
In this study, the use of brewer's spent grain (BSG) for the removal of Fe (III) ions from aqueous solution has been investigated, and it was observed from the overall result that BSG is a good adsorbent for metal ion removal. 
